Introduction
Laparoscopy enabled the advent of minimally invasive surgery, encompassing many advantages such as smaller surgical wounds, less postoperative pain and shorter hospital stays (1, 2) . However, it also has its unique limitations (3); one of them being loss of depth perception and surgeons need to acquire the psychomotor skills to work with two-dimensional (2D) images. Three-dimensional (3D) laparoscopy has been introduced to address this issue.
3D imaging techniques were available for many years, but initial data had yet to demonstrate any advantages of the 3D technology over the 2D version. This might be attributed to the suboptimal image quality, poor illumination and high equipment cost with earlier prototypes (4) . Recent technological breakthrough in stereoscopy has greatly enhanced the image quality. With high-definition resolution being the new standard, results from earlier trials are now obsolete. Yet, the benefits of 3D laparoscopy remained controversial. To better define the role of 3D laparoscopy, we reviewed the evidence behind the application of 3D laparoscopy, as well as discussing the limitations of the current technology. The following review included experimental and clinical trials comparing 3D and 2D laparoscopy in abdominal, pelvic and gynaecological surgery over the past 10 years. human brain estimates the depth of the object based on five major principles: stereopsis, parallax, depth of field, environmental context, and tactile feedback. Parallax is the difference in relative positions of objects as the observer move and views the objects from different point of views, in which monocular vision is sufficient. On the other hand, stereopsis relies on the identification of disparities between two eyes in binocular vision to allow the brain to compute the relative depth of an object (4). When viewing a motion picture on a monitor, as in the case of a laparoscopic procedure with the conventional 2D laparoscopy, stereopsis is lost and relative distance is perceived by analyzing visual clues. 3D laparoscopy uses two cameras instead of one to recapitulate the effect of human binocular vision: producing two different views of the same object, which are then codisplayed on the screen with oppositely polarized lights. Eyeglasses containing oppositely arranged polarizing filters on each side allow each eye to view differently in accordance with the two cameras' arrangement, permitting depth perception by stereopsis. It is worthy of note that not everyone possess the ability to perceive depth by stereopsis, and 3D laparoscopy would not have any additional effects in these individuals.
Experimental trials on task performance
Studies evaluating the performance of various laparoscopic tasks were predominantly based on experimental trials. Currently, there is no consensus on the choice of tasks for comparison. The majority of tasks in these studies were from validated curriculum of basic laparoscopy training, such as fundamentals of laparoscopic skills (FLS) and basic laparoscopic urologic surgery (BLUS) (5-7). Examples included peg transfer, rope pass, paper cut, needle capping and knot tying. For outcome measurement, parameters used for comparisons included average performance time and error rate of individual tasks as well as the whole set of exercise.
The results from these experimental trials were consistent in demonstrating variable degrees of benefit in shortening (18) . However, similar finding was not seen in studies involving other surgical procedures (17, 23, 24) .
With regard to postoperative complication, hospital stay and operative mortality, the current literature did not show any difference between 2D and 3D laparoscopic procedures (17, 21, 23 (24) . The two groups were also comparable in terms of the severity grading of complications, i.e., minor complications (Clavien I to II complications) and major complication rates (Clavien III to IV complications). There was no postoperative mortality observed in both groups.
Regarding long-term outcomes, Aykan et al. showed a higher 3 months post-radical prostatectomy continence rate in the 3D laparoscopy group (50% vs. 25%, P=0.020) (18) . However, long-term results were generally limited and remained a subject of future research.
Surgeons' perspective
Several surveys suggested that surgeons subjectively preferred 3D laparoscopy over 2D laparoscopy (13, (25) (26) (27) (28) . Tanagho et al. studied 33 subjects performing four standardized laparoscopic tasks from the FLS skill set (13) . 81.8% of the subjects found 3D laparoscopy improved their performance, and 87.9% indicated that they preferred 3D to 2D laparoscopy. Spille et al. further evaluated preference among different levels of experience (27) . A total of 277 subjects from three subgroups (students, residents and specialists) were required to perform four laparoscopic tasks with both 3D and 2D laparoscopies and they were asked to fill in a questionnaire afterwards. Overall, 68.8% of the participants preferred 3D to 2D laparoscopy and this was consistent within all three subgroups.
Kinoshita et al. compared surgeon's self-rated satisfaction score and their choice of imaging system with certain tasks in laparoscopic radical prostatectomy (19) . The satisfaction score was significantly higher in 3D laparoscopy (4.2 vs. 3.1, 0 being lowest, 6 being highest, P<0.001). Surgeons also preferred 3D laparoscopy with certain tasks like moving instruments to an intended position (4.4 vs. 3.1, P<0.001) and adjusting the needle direction (4.5 vs. 2.7, P<0.001).
Headache, nausea and eye strain from 3D laparoscopy have been reported (29) (30) (31) (32) , although these were not consistently demonstrated across different studies and subjects (13, 14) . Three studies reported increased adverse reactions with 3D laparoscopy (25, 30, 33) . In a randomized prospective study by Usta et al., 24 participants were required to perform 10 standardized tasks and asked to report any adverse reactions experienced when using 3D or 2D laparoscopy. There was no difference in visual strain (P=0.087), headache (P=0.134) or facial discomfort (P=0.090) (14) . Gómez-Gómez et al. measured the mental workload using the NASA Task Load Index with five standardized tasks. Although 3D laparoscopy produced a smaller mental workload, more adverse reactions such as dizziness and headache were reported (33).
Limitations of 3D laparoscopy
As mentioned previously, 3D laparoscopy has the advantage of allowing depth perception. However, a normal stereopsis is a prerequisite for individuals to experience this effect. In a study by Bloch et al., stereopsis-normal and stereopsisabsent subjects were recruited to perform simulated fine motor surgical tasks under 2D and 3D systems respectively. Results showed that the two groups demonstrated comparable performance with 2D laparoscopy, while the stereopsis-absent group had poorer performance compared to the stereopsis-normal group using 3D laparoscopy (34). (36) . The implication of these two studies was that approximately 10% of surgeons would not be able to appreciate depth perception despite 3D laparoscopy.
Limitations of the current literature
Experimental trials on simple task performance, albeit their superior results with 3D laparoscopy, may not necessarily reflect the complexity of real-life surgeries. Some randomized control trials had limited sample sizes with possible biases and type II errors, and this might partly explain the mixed results aforementioned in this review. It remained a possibility that 3D laparoscopy might benefit certain types of surgical procedures but not others. Even so, the main effect would be in terms of facilitating certain tasks and reducing operating time. Operative outcome, and ultimately patient care, however, is affected by a multitude of factors, and the effect of a mere enhanced vision is expected to be small. Studies have to possess a formidably large sample in order to detect such effect. Even if such advantage existed, cost-effectiveness is another issue, which was hardly addressed. Nevertheless, the 'upgrading' of minimally invasive surgery theatres with 3D laparoscopies is expected to press on, in the hope that surgeons would benefit from advancing technologies, despite limitations with the current evidences.
Conclusions
The current technology of 3D laparoscopic imaging system provided depth perception and spatial orientation, which was absent in conventional 2D system. This revolutionized laparoscopic surgery with enhanced operative vision and studies have demonstrated enhanced results in experimental settings with faster performance time and lower error rates. However, evidence was still inconclusive on whether this translates into better operative outcomes. Future randomized control clinical trials on a larger scale with more patient-related long-term outcomes will be of benefit. But perhaps it is ultimately up to the decision of individual surgeons and institutions whether binocular vision would help with their work in a way that additional cost is justified.
